Radiation-induced bystander effects have been extensively studied at low doses, since evidence of bystander induced cell killing and other effects on unirradiated cells were found to be predominant at doses up to 0.5 Gy. Therefore, few studies have examined bystander effects induced by exposure to higher doses of radiation, such as spatially fractionated radiation (GRID) treatment. In the present study, we evaluate the ability of GRID treatment to induce changes in GRID adjacent (bystander) regions, in two different murine carcinoma cell lines following exposure to a single irradiation dose of 10 Gy. Murine SCK mammary carcinoma cells and SCCVII squamous carcinoma cells were irradiated using a brass collimator to create a GRID pattern of nine circular fields 12 mm in diameter with a center-to-center distance of 18 mm. Similar to the typical clinical implementation of GRID, this is approximately a 50:50 ratio of direct and bystander exposure. We also performed experiments by irradiating separate cultures and transferring the medium to unirradiated bystander cultures. Clonogenic survival was evaluated in both cell lines to determine the occurrence of radiation-induced bystander effects. For the purpose of our study, we have defined bystander cells as GRID adjacent cells that received approximately 1 Gy scatter dose or unirradiated cells receiving conditioned medium from irradiated cells. We observed significant bystander killing of cells adjacent to the GRID irradiated regions compared to sham treated controls. We also observed bystander killing of SCK and SCCVII cells cultured in conditioned medium obtained from cells irradiated with 10 Gy. Therefore, our results confirm the occurrence of bystander effects following exposure to a high-dose of radiation and suggest that cellto-cell contact is not required for these effects. In addition, the gene expression profile for DNA damage and cellular stress response signaling in SCCVII cells after GRID exposure was studied. The occurrence of GRID-induced bystander gene expression changes in significant numbers of DNA damage and cellular stress response signaling genes, providing molecular evidence for possible mechanisms of bystander cell killing. Ó 2012 by Radiation Research Society
INTRODUCTION
A long-standing concept in radiobiology has been that cells must be directly exposed to ionizing radiation for DNA damage, and possible cell death, to occur. However, considerable evidence now exists that challenges this belief. In fact, as early as the 1940s, published literature provided evidence for DNA damage brought about by targeting not only the cells or tissues, but also the surrounding medium (1, 2) . The term ''radiation-induced bystander effects'' refers to effects seen in cells that have not directly been exposed to ionizing radiation. Kotval and Gray (3) demonstrated that a particles passing close to, but not through, chromatin threads produced chromosomal breaks and exchanges. An increase in sister chromatid exchanges in cells that were not directly exposed to ionizing radiation, but were in the vicinity of directly irradiated cells (4) , provided further proof of bystander effects. Among the numerous studies, each with its own nuances and protocols now accumulated in the literature, radiation-induced bystander effects can be broadly classified into two types: those mediated by gap-junctions and requiring cell-to-cell communication and those brought about by the presence of medium secreted factors, which do not require cell-to-cell contact (5) (6) (7) (8) (9) (10) . There are also reports in the literature where evidence of bystander effects from irradiation was not found, especially when low-LET radiation sources were used. Therefore, the phenomenon appears to have specific requirements to occur.
Spatially fractionated radiation therapy (sometimes referred to as ''GRID'' therapy) refers to the delivery of a single radiation fraction (10-20 Gy peak doses) by dividing a radiation field into smaller segments interspersed with segments receiving no (or very low doses) direct irradiation. This approach has been shown to have potent palliative benefits without increasing toxicity (11, 12) . Although originally designed mostly to avoid normal tissue toxicity, over the last 100 years, this approach has been sporadically, and in general successfully, used to improve treatment of bulky and deep-seated tumors. Our recent clinical experience along with that of others suggests that GRID may be combined with traditional dose/time fractionated radiation therapy or used along with other treatment modalities, including chemotherapy, to achieve better control of bulky tumors while minimally extending the treatment course (11, 13) . Although GRID dose distribution is nonuniform, regression of the tumor mass receiving GRID has exhibited uniform regression clinically (11, 13) . One plausible explanation might be the enhanced reoxygenation of the tumor following GRID, which would be expected to improve the effect of subsequently applied radiation or chemotherapy. We have recently observed evidence of reoxygenation of tumors after spatially fractionated microbeam radiation (61) . Induction of tumor necrosis factor a and ceramide, as well as down regulation of transforming growth factor b1, have also been observed following GRID (14, 15) . Increased cytokine production has resulted in broad systemic effects as well (11) . It also is possible that bystander effects might play a role in killing adjacent nonirradiated or partially irradiated cells.
In the present study, we sought to evaluate the possible contribution of bystander effects to the overall therapeutic effect of spatially fractionated (GRID) radiation therapy. In our experiments, we considered the regions that were exposed to 10 Gy of radiation as ''directly irradiated''. The cells adjacent to the direct irradiation fields that did not receive direct irradiation, but were exposed to indirect radiation (i.e., scattering and some degree of a very steep dose gradient), which amounted to a valley dose of approximately 1 Gy, were considered as ''bystander cells''. Clonogenic survival was used to determine bystander cell killing in two different murine carcinoma cell lines following exposure to a single dose of 10 Gy using either confluent cultures and selectively harvesting bystander cells or by performing medium exchange experiments. In addition, we evaluated the expression profiles of genes involved in DNA damage signaling and stress response signaling in murine cells.
MATERIALS AND METHODS

Cell Culture
Two murine tumor cell lines (passage 3-5) were used in these experiments. SCK is a mouse mammary carcinoma cell line derived from A/J mice (16, 17) . SCK cells are considered to be radiation resistant (18) . We chose these cells to determine the occurrence of bystander effects in response to spatially fractionated radiation therapy at clinically relevant doses. The cells were grown in RPMI 1640 culture medium, with 2 mM L-glutamine (Cellgro, Manassas, VA) supplemented with 10% bovine serum albumin (Hyclone, Logan, UT) and 1% penicillin-streptomycin (10,000 units/ml penicillin G sodium, 10,000 lg/ml streptomycin in 0.85% saline) (Hyclone). SCCVII is a mouse squamous cell carcinoma cell line. We used these cells in our experiments, since GRID therapy has been used at our institution and others to treat mainly head and neck cancers. SCCVII cells were cultured in D-MEM culture medium with 4.5 g/L glucose, sodium pyruvate and 2 mM (concentration) L-glutamine (Cellgro, Manassas, VA), supplemented with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO) and 1% penicillin-streptomycin (10,000 units/ml penicillin G sodium, 10,000 lg/ml streptomycin in 0.85% saline) (Hyclone). SCK and SCCVII cells were sub-cultured by seeding at a concentration of 2.0 3 10 5 cells in 25-cm 2 culture flasks (Corning, NY), and were grown in a fully humidified incubator with 5% CO 2 at 378C. The doubling time of these cell lines is approximately 24 h.
Radiation Survival Studies
SCK and SCCVII cells were sparsely plated (200-250 cells) in 25-cm 2 culture flasks containing 5 ml culture medium. The irradiation was performed approximately 16-20 h later using a CP-160 cabinet Xradiator system (Faxitron, Lincolnshire, IL) at room temperature. The cells were exposed to 0, 1 and 2 Gy X rays at a dose rate of 1 Gy per min at 150 kV and 6.6 mA. The medium was changed immediately after irradiation and the flasks were returned to the incubator for 8 days, after which the colonies (.50 cells) were stained using crystal violet and counted to determine colony forming efficiency. Colony forming efficiency was defined as the ratio of the number of colonies to the number of plated cells. In all cases, the clonogenic survival was normalized to the cloning efficiency of appropriately sham treated and time-matched incubations.
Small Animal Conformal Radiation Research System (SACRRS) Used for GRID Irradiation
The irradiation system has a 225kVp X-ray tube with focal spots of 0.4 mm (used for imaging) and 3 mm (used for therapy). The precise positioning of the target/beam for both therapy and imaging is achieved by a programmable robotic arm (Adept Viper S650, Adept Technology Inc., Pleasanton, CA). The system is equipped with a flatpanel amorphous silicon digital X-ray imager (XRD 0820 CM3, Perking Elmer Inc., San Jose, CA), which captures 1024 3 1024 pixel image (200 lm pixel size) at a frame rate of 7.5 Hz. The system can deliver an accurate and quantifiable conformal radiation dose to selected targets in single or multiple fractions. In addition, the system is also equipped with a variable aperture collimation system mounted at 20 cm from the X-ray source that can produce field size up to 20 cm 2 at the isocenter. These specially designed brass collimators are mounted on two sliders that move in opposite direction from the center using a uni-axial motor (Velmex Inc.) to make square fields. During the GRID irradiation, cells are placed on the ''palm'' of the robot and aligned with the X-ray beam. The GRID pattern of irradiation is then created by programming the robot platform to move normal to X-ray beam direction (Fig. 1A) . The cells were then irradiated to create a pattern of nearly 50:50 direct and bystander exposure pattern of 9 circular fields, 12 mm in diameter with a center-to-center distance of 18 mm. The cells were irradiated with 10 Gy using GRID, at a dose rate of 1.9 Gy per min at 255 kV and 13 mA.
A Gafchromic EBT-2 film (International Specialty Products, Wayne, NJ) was used for dosimetry. A calibration curve was plotted using the pixel values against the doses by irradiating the EBT-2 film under a Cobalt-60 beam. Subsequently, the EBT-2 films were irradiated at 1 cm below the isocenter, at 225 kVp energy, with 12 mm brass collimator duplicating the conditions under which the murine cells were irradiated (Fig. 1B) . The films were exposed at 752 ASUR ET AL. different times and pixel values were recorded. The dose rate at 1 cm depth was then calculated.
Bystander Survival Studies
Medium transfer based studies. SCK and SCCVII cells were plated at confluent density in 25-cm 2 culture flasks containing 5 ml culture medium and were irradiated 16-20 h later with 10 Gy. Flasks were returned to the incubator and cells were harvested by scraping at 0, 24, 48 and 168 h after irradiation. The 168 h (1 week) time point was included to determine the long-term effect of direct or bystander radiation exposure. Any clumps of cells were manually disrupted using a 500-ll pipette tip and the cells were then re-plated sparsely in 6-well cell culture dishes (Greiner Bio-One, Germany) and stained for colony-forming efficiency following 8 days to determine the effect of direct irradiation on these cells. Donor cell cultures for providing the conditioned medium were plated with 2 million confluent cells in 5 ml culture medium in 25-cm 2 flasks and were exposed to 10 Gy of radiation after 16-20 h. Medium from sham-exposed cells was used for the controls. Medium transfer was performed 4 h after irradiation by collecting all medium from donor flasks and passing it through a 0.22 lm filter (Corning, NY) to ensure that no cells were present in the medium, but that soluble proteins or other factors could be retained. This filtrate was considered as the conditioned medium. The original medium was aspirated from bystander recipient cells and was replaced with filtered conditioned medium. Cells were harvested by scraping at 0, 24, 48 and 168 h after medium transfer and were re-plated (200-250 cells) in 6-well cell culture dishes and stained for clonogenic survival after 8 days.
GRID based bystander studies. SCK and SCCVII cells were plated at confluent density in 100 mm cell culture dishes (Greiner Bio-One, Germany) a day prior to irradiation. In our experiments, we considered the regions that were exposed to 10 Gy of radiation as ''directly irradiated'' and the adjacent cells which did not receive direct irradiation, but were exposed to indirect radiation (i.e., scattering) which amounted to a valley dose of approximately 1 Gy, were considered as ''bystander cells''. The irradiated and adjacent bystander cells were demarcated using a waterproof histological marker, Pap pen (Research Products International Corp, Mt. Prospect, IL) to separate the irradiated and bystander fields using a small square of Gafchromic film that was attached to the bottom of the flask during irradiation as a guide and separately isolated. Cells were harvested at 0, 4, 24 and 48 h after GRID irradiation. Clumps were manually disrupted using a 500-ll pipette tip and cells were then sparsely re-plated (200-250 cells) in fresh medium, in 6-well culture plates to determine clonogenic survival.
RNA Isolation and Reverse Transcription
SCCVII cells were plated at confluent density in 100 mm culture dishes a day prior to irradiation. Twenty-four hours later, cells were exposed to 10 Gy of radiation in a GRID pattern using SACRRS. The directly irradiated cells, as well as bystander cells, were harvested at different times to determine the effects of GRID exposure (direct or indirect) as a function of time. Cells were harvested at 0, 4 and 24 h after GRID exposure by separately scraping the irradiated and bystander cells into 5 ml of culture medium. Cultures were then centrifuged at 300g for 5 min. Cell pellets were flash-frozen using dry ice and stored at À808C for subsequent use. Total RNA was isolated from the cell pellet using the RNeasy Mini RNA isolation kit (Qiagen, Valencia, CA). Total RNA purity and yield was determined by measuring the absorbance at 260 nm and 280 nm using a NanoDrop (ThermoFisher, Rockford, IL), and the RNA integrity number (RIN) was determined using a Bioanalyzer (Agilent, Santa Clara, CA). Five micrograms of total RNA was then reverse transcribed with random hexamer primers using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) as per the manufacturer's protocol.
Gene Expression Analysis
Gene expression was quantified using the RT 2 Profiler PCR Array Mouse DNA Damage Signaling Pathway and Mouse Stress Response to Cellular Damage Pathway (SABiosciences, Frederick, MD). Reactions were performed as per the manufacturer's protocol, using a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA) and results were analyzed using the 7900 HT Fast System SDS Software. Threshold cycle (C t ) values obtained from real-time PCR were used in our calculations. The 2
ÀDDCt method (19) was used to calculate the normalized C t values. The formula used can be where GOI represents the C t value for the gene of interest, RG represents the reference (housekeeping) gene C t value, 'exp' represents the exposed (direct or bystander) cells and 'cntr' represents the sham-exposed controls. The 84 genes within each pathway were normalized against the average of 2 reference genes: Gapdh and Actb. Ct values greater than 32.0 were considered to be beyond the limit of detection
Statistical Analyses
Measurements of clonogenic survival are presented as mean values with 6SE of 5 independent experiments, each performed in duplicate. Student's paired t test was used to calculate the significance of the difference irradiated (direct or bystander) and sham-exposed survival values. The O'Brien's OLS statistic was used for gene expression testing due to sample-size constraints. The t test is also used for genespecific testing. The level of significance was set at a P value of 0.05.
The patterns of gene expression were then compared between the different times and treatment groups. If a gene exhibited a fold-change greater than 2, it was considered as showing an ''effect'' and was selected for further analysis. If no gene in a particular functional group exhibited an effect, the group was considered as showing ''no effect''. The number of effect genes were then counted and compared to determine whether more genes showed an increase or a decrease in expression. In the case that equal number of genes showed both up and down regulation, the effect was considered ''unknown''.
RESULTS
GRID Film Dosimetry
In the case of GRID based cell irradiation experiments, a Gafchromic EBT-2 film was attached to the bottom of a 100 mm Petri dish containing cultured cells, and the irradiation was performed with a 12 mm diameter brass collimator and the 225 kVp SACRRS beam. Cells were placed on the top of the robot platform while on top of a 3-inch thick Styrofoam board. The robot was programmed to create a GRID pattern of 9 circular areas and center-center distances of each irradiated beam center was 18 mm in horizontal and vertical directions. For each irradiation point, the cell layer was positioned 1 cm below the isocenter and was irradiated with 10 Gy. The same batch of EBT-2 films was used in all measurements and irradiated films were marked for their orientation and scanned at the same area of the scanner. The films were scanned 24 h after irradiation using the Epson perfection V700 scanner and were analyzed using ImageJ. In vivo film measurements showed that cells growing on the plate surface were irradiated with a dose of 9.81 6 0.26 Gy within the peak region and cells in the valley region (20) received 0.91 6 0.26 Gy on average (Fig. 2) .
Cell Survival
Traditional radiation survival studies were used to determine cell survival after exposure to about 1 Gy, since that was the observed background dose in the bystander (valley) region (Fig. 3) . We observed a negligible decrease in survival in confluent SCK or SCCVII cells exposed to 1 Gy irradiation (data not shown). We observed on average a 3-10% decrease in survival in sparsely plated SCK or SCVII cells exposed to 1 Gy irradiation (Fig. 3) . Survival of confluent SCK and SCCVII cells after direct exposure to 10 Gy of radiation is illustrated in Fig. 4 . SCK and SCCVII cells exhibited an average of 10% survival after exposure to 10 Gy of radiation using either the Faxitron (Fig. 4A) or the GRID system (Fig. 4B) . The decrease in survival of directly FIG. 2. Cells were irradiated using spatially fractionated radiation to evaluate bystander effects. Cells were irradiated at a peak dose of 10 Gy using a brass collimator to create a GRID pattern of 9 open circular areas, 12 mm in diameter with a center-to-center distance of 18 mm. The bystander cells were harvested from the valley dose region along the diagonal lines illustrated, which represents about 10% of the total radiation.
FIG. 3.
Clonogenic survival of murine mammary carcinoma (SCK) and head and neck cancer (SCCVII) cells after exposure to various doses of X irradiation using a cabinet Faxitron system. Vertical bars represent the standard error of the measurements: n ¼ 5 observations per data point. For some data points, the error bars are too small to be visible. We observed 3 to 10% decrease in survival in cells exposed to 1 Gy, which is the approximate valley dose region in the GRID bystander studies. The clonogenic survival was normalized to the cloning efficiency of the control cells. irradiated cells was found to be statistically significant (P , 0.05) at all times evaluated compared to the sham treated controls.
When medium from irradiated cells was transferred to unirradiated cultures bystander killing was observed (Fig.  5A ). We also observed significant (P , 0.05) bystander killing above and beyond what could be expected by background/scatter irradiation (3 to 10% cell killing noted above for 1 Gy in our cells) after GRID irradiation. Therefore, clonogenic cell survival was reduced in bystander cells after a medium exchange that was nearly identical to that obtained within the bystander cell contact (GRID) experiments (Fig. 5B) . Both SCK and SCCVII bystander clonogenic cell survival was reduced to nearly 50% compared to sham treated cells. Bystander SCK and SCCVII cell survival was significantly different (P , 0.05) from the respective controls when assessed 4 and 24 h after irradiation. However, when cells were harvested immediately after medium transfer or GRID exposure (0 h), there was little to no bystander killing observed. Survival values were corrected for multiplicity by normalizing to sham treated controls, which were handled with the exact FIG. 4 . Clonogenic survival in directly irradiated mouse mammary carcinoma (SCK) and head and neck cancer (SCCVII) cells. SCK and SCCVII cells were exposed to 10 Gy of radiation. Panel A: A cabinet Faxitron system and panel B: spatially fractionated radiation (GRID). Cells were harvested by scraping at the various times after irradiation and were re-plated for clonogenic survival. Clonogenic survival was normalized to the cloning efficiency of the control cells. The x-axis represents the time after irradiation that cells were re-plated for clonogenic study. Vertical bars represent the standard error of the measurements. For some data points, the error bars are too small to be visible.
FIG. 5.
Clonogenic survival in bystander mouse mammary carcinoma (SCK) and head and neck cancer (SCCVII) cells. SCK and SCCVII cells were irradiated in two different systems. Panel A: Cells were irradiated in a cabinet Faxitron system and subsequently medium from irradiated cells was transferred 4 h later to bystander cells. Panel B: Cells were irradiated using a conformal X-ray system (SACRRS) and bystander cells in the diagonal region (received a background dose of 1 Gy, which resulted in 3 to 10% decrease in survival) of a GRID irradiated pattern were selectively isolated at various times and the clonogenic survival was determined. The clonogenic survival was normalized to the cloning efficiency of the control cells. The x-axis represents the time following medium transfer (panel A) or GRID irradiation (panel B) when cells were re-plated for clonogenic study. N ¼ 3-5 experiments for all data points. Vertical bars represent the standard error of the measurements. For some data points, the error bars are too small to be visible.
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same time course as the treated cells and would account for any degree of multiplicity in the plating efficiency obtained.
Gene Expression Changes in Bystander Cells
We proceeded to evaluate the effects of direct and bystander exposure to a GRID treatment of 10 Gy on SCCVII cells using the SYBR green based real-time PCR technology at 0, 4 and 24 h after exposure. Real-time PCR arrays specific for mouse DNA damage and cellular stress response pathways were studied in our experiments. GRIDinduced bystander gene expression changes were observed in several groups of genes involved in the repair/response to DNA damage and stress response signaling genes, thus providing molecular evidence for possible mechanisms of cell killing in nonirradiated cells.
DNA damage response genes. Figure 6A and B illustrate the expression of genes involved in DNA damage repair that exhibited a greater than 2-and 4-fold change, respectively, in directly irradiated and bystander SCCVII cells. DNA damage response genes exhibiting 2-fold or more change in expression in directly irradiated and bystander cells are presented in Table 1 . Table 2 illustrates the statistical analysis of genes involved in the DNA damage signaling pathway. The fold-change values were compared between bystander and directly irradiated cells at each time, to determine the effect of exposure type (direct or bystander) on gene expression. Most DNA repair genes demonstrated an increase in fold-change expression in bystander cells compared to directly irradiated cells ( Table 2 ). Expression of DNA repair genes was found to be significantly (P , 0.03) higher in bystander cells compared to GRID exposed cells at the times evaluated (0-24 h). Genes involved in damaged DNA binding, including Rad51c, Xpc and Xrcc1 (P ¼ 0.002, 0.04 and 0.05, respectively), showed higher expression in the bystander cells. Base excision repair genes, such as Mpg, Nthl1 and Parp1 (P ¼ 0.02, 0.01 and 0.009, respectively), FIG. 6 . Expression patterns of genes involved in DNA damage repair. Mouse head and neck carcinoma (SCCVII) cells were exposed to a single fraction of 10 Gy using GRID. Cells from the directly irradiated and bystander regions were selectively and gene expression changes were evaluated using quantitative real-time PCR. Panel A: DNA damage repair genes exhibiting 2-to 4-fold change in expression. Panel B: DNA damage repair genes exhibiting greater than a 4-fold change in expression. 
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were to be significantly higher. Dclre1a (nucleotide excision repair) and Xrcc6 and H2afx1 (double-strand break repair) all exhibited significant changes in bystander expression (P , 0.01). In the ''mismatch repair'' and ''other genes related to DNA repair'' subgroups, Mlh1, Mlh3, Apex1, Chaf1a, Fen1, Gtf2h1, Gtf2h2, Lig1, Pold1, Rbm4, Rev1, Sumo1, Tdg and Ube2a all exhibited higher (P , 0.05) expression in bystander cells than in directly irradiated cells. Genes involved in apoptosis (Fig. 7A ) exhibited a change in expression in bystander cells compared to directly irradiated cells. Expression of genes involved in apoptosis was found to be significantly different in bystander cells compared to directly irradiated cells at 4 h after exposure (P ¼ 0.014). Mgmt (P ¼ 0.03) and Rad21 (P ¼ 0.009) were expressed significantly higher in bystander cells compared to directly irradiated cells. Cell cycle genes also exhibited a significant difference in expression between the two exposure groups (Fig. 7B) . Directly irradiated cells showed a decrease in expression at 0 and 4 h after GRID treatment, whereas we observed an increase in expression in bystander cells. Cell cycle arrest genes, such as Hus1 and Msh2 (P ¼ 0.03), cell cycle checkpoint genes like Rad9 and Rad17 and Rad21 (P ¼ 0.02, 0.02 and 0.09, respectively), all exhibited significantly (P , 0.03) higher expression in cells harvested from the bystander region compared to GRID-irradiated cells. Cellular stress response. The values of cellular stress response genes exhibiting 2-fold or more change in directly irradiated and bystander cells are presented in Table 3 . Antioxidant and pro-oxidant genes demonstrated an increase in fold-change expression in bystander cells, while directly irradiated cells showed a decrease (Fig. 8A) . Several genes involved in xenobiotic metabolism (Fig.  8B ) exhibited an increase in expression in bystander cells at all times evaluated. Figure 9A and B illustrate the expression of molecular chaperone genes that exhibited a greater than 2-and 4-fold change, respectively, in directly irradiated and bystander SCCVII cells. We observed an increase in expression in bystander cells at all times evaluated compared to directly irradiated cells. Table 4 illustrates the statistical analysis of the genes involved in the cellular stress signaling pathway. The fold-change values were compared between bystander and directly irradiated cells at each time, to determine the effect of exposure type (direct or bystander) on gene expression. Expression of genes coding for antioxidant and pro-oxidant enzymes, as well as molecular chaperones, including heat shock proteins, were found to be significantly different in bystander cells compared to directly irradiated cells at 0-24 h after exposure (P ¼ 0.05). Genes coding for antioxidant and pro-oxidant enzymes, such as Gpx1, Sod1 and Xdh were expressed at significantly higher levels (P , 0.01) in bystander cells compared to directly irradiated cells at 0-24 h after exposure. Heat shock proteins, such as Dnaja1, Dnajb1, Hspa4, Hspd1 and Hspe1 all exhibited significantly (P , 0.05) different expression in bystander cells at all times evaluated. Cct7 (P , 0.02), a molecular chaperone and Gsta1 (P , 0.05), a gene involved in response to xenobiotic metabolism (detoxification) both demonstrated changes in bystander expression compared to expression in directly irradiated cells.
In summary, our results demonstrated higher expression of genes involved in DNA repair, cell cycle arrest and checkpoint, antioxidant and molecular chaperone pathways in the GRID irradiated and bystander cells compared to sham treated controls.
DISCUSSION
In the current study, we evaluated the ability of spatially fractionated radiation (GRID) to induce bystander effects in murine carcinoma cells after exposure to a single dose of 10 Gy, analogous to the high single doses (usually 10-20 Gy) used in spatial fractionation. A significant decrease in clonogenic survival was observed in bystander cells after Notes. The fold-change expression values were compared between direct and bystander groups using the O'Brien's OLS statistic. P , 0.05 were considered significant. The expression patterns for the different treatment groups indicate expression in bystander cells compared to directly irradiated cells at the various times. 758 exposure to medium obtained from cells exposed to 10 Gy. We also observed a significant bystander killing in cells adjacent to irradiated regions of the same monolayer compared to the sham treated controls. The decrease in survival of cells in the adjacent regions was found to be more than that expected from exposure to only background ''valley'' or scatter doses, suggesting the existence of true cytotoxic bystander effects after GRID irradiation.
We observed greater than a 2-fold increase in expression of genes involved in DNA damage repair, cell cycle arrest and apoptosis in GRID irradiated cells 24 h after exposure. Bystander (GRID-adjacent) cells exhibited increased expression of genes involved in DNA repair, cell cycle arrest, and apoptosis immediately after exposure or 4 h after exposure. In some instances, the increase persisted up to 24 h after GRID irradiation. We observed increased expression of antioxidant, heat shock and chaperone genes immediately after irradiation or 4 h after GRID exposure in the bystander cells. In a few instances, we observed a persistent increase in expression up to 24 h after GRID exposure. We did not observe significant increase in expression of these genes in the GRID irradiated cells. In contrast, it has been reported that p53-related genes exhibited minimal activation in bystander cells, while genes involved in NFjB were activated to equal degrees in direct and bystander cells (21, 22) after a-particle irradiation of fibroblasts.
Of the many genes studied using the arrays we selected, we observed significantly higher levels of genes encoding Glutathione peroxidase, Gpx1 and superoxide dismutase, Sod1 in bystander cells compared to sham treated controls. These antioxidant enzymes have been known to be important in cellular defense to oxidative stress (23, 24) . Factors responsible for transmitting the bystander signal or agents that cause cytotoxicity or cell stress from irradiated to naive bystander cells have been previously hypothesized to be proteins that can withstand freezing and thawing (25) (26) (27) (28) (29) . In addition, certain studies have indicated the involvement of reactive oxygen species (26, 30, 31) , growth 
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factors and cytokines in the maintenance of the bystander signal (32). Our results suggest that secreted factors that lead to reactive oxygen species are very likely candidates for the effects observed. We observed the highest increase in expression of antioxidant genes in the bystander cells immediately after GRID treatment suggesting that oxidative stress was occurring in these cells.
An increase in expression of DNA damage response genes, such as those involved in apoptosis, cell cycle arrest and repair was also observed in bystander cells compared to sham treated controls in our experiments. In past studies, exposure of cells to low doses of a particles have resulted in increased expression of DNA damage response genes, such as TP53, CDKN1A, CDC2, CCN1 and RAD51 (33) . Therefore, as might be expected, our results agree with those of others to suggest that a part of the killing mechanism involved in bystander effects is through DNA damage, which is something that can be induced by a variety of reactive oxygen species.
Overall, radiation-induced bystander effects have been demonstrated using a wide variety of end points, including decreased cell survival (34, 35) , apoptosis (36) (37) (38) (39) (40) , increased chromosomal damage (4, 41-44) and DNA double-strand breaks (6, 45, 46) . Changes in expression of mitogen (commonly referred to as stress) activated protein kinases (31, 47, 48) have been observed after exposure to medium obtained from cells exposed to ionizing radiation. Differential expression of genes involved in maintaining cell structure and motility, signal transduction and cell-tocell communication was observed in one study in bystander (22) . Gene ontology studies revealed that the majority of these genes were responsible for maintaining cell-to-cell signaling, including adhesion, activation and stimulation of normal cells (22) . The AKTGSK3b-b catenin signaling pathway has been suspected to play a role in maintaining and developing prolonged bystander states (22) . In addition, the expression of genes involved in the NFjB signaling pathway exhibited differential expression in bystander cells at 4 h after treatment as shown in another study (21) . Bystander effects are not necessarily restricted to the exposure of neighboring cells to ionizing radiation. Recently, the ability of genotoxic stress producing agents, other than ionizing radiation, to induce bystander effects has been reported. We and others have found that chemotherapeutic drugs, such as chloroethylnitrosurea (49) , paclitaxel (20) , mitomycin C (41, 50) and phleomycin (41) can induce bystander effects through secretion of medium soluble factors. In addition, photosensitizers (51), heat (52) and photodynamic stress (53) agents have all been reported to cause some type of bystander effect. Therefore, the true nature of bystander effects appears to be a cell stress related phenomenon and not necessarily a unique by-product of radiation damage or a specific type of treatment.
In our studies, bystander cells exhibited approximately a 50% decrease in cell survival, whereas directly irradiated cells exhibited a .90% decrease in survival compared to sham treated controls. Bystander cells exhibited changes in expression of greater numbers of genes involved in DNA damage repair and cell cycle arrest compared to directly irradiated cells at the times studied. Bystander cells received a low (scatter/valley) dose of 1 Gy compared to the 10 Gy directly irradiated cells. The massive damage and cell death occurring in the directly irradiated cells is most likely the reason that gene expression levels became suspended to an extent, while the lower amounts of cell death and damage inflicted in the 'radiation-adjacent' cells promoted more detectable changes in gene expression patterns. Interestingly, 
survival of directly irradiated cells over time also did not exhibit evidence of potentially lethal damage repair, which would normally be expected since they were nearly confluent at the time of irradiation. It is possible that the bystander cells themselves secreted a death-inducing factor that was able to affect the irradiated cell viability. Further study of 10 Gy direct irradiation without bystander influences would be needed to clarify this intriguing possibility.
A few studies have attempted to understand what may be involved in the mechanism(s) by which GRID therapy at doses as high as 20 Gy improves tumor response and whether it is simply a product of increased cell kill or something more. Induction of tumor necrosis factor-a (TNF-a) and ceramide, as well as down regulation of transforming growth factor b1 have been observed in the serum of patients after GRID (14, 15) . In general, and as might be expected after a large cytotoxic event, GRID therapy appears to lead to increased cytokine production, resulting in broad systemic effects (11) . Due to the on/off nature within GRID fields, we hypothesized that bystander effects might play a role in killing adjacent nonirradiated or partially irradiated cells. To our knowledge, study of the type of inter-cellular communication that might exist between adjacent cells in the open and closed areas of GRID has not been approached to date and may provide valuable information on the mechanisms involved in the promising clinical results that have been observed at our institution (11, 13) and in the various other studies cited above.
Interestingly, the bulk of literature on radiation-induced bystander effects has focused on low doses (generally below 5 Gy). It has been demonstrated that the cell killing in bystander cells is most clearly detected at doses below 0.5 Gy (54). The role of LET on bystander effects has also been studied by numerous groups (21, 22) . These studies observed that there appears to be a greater incidence of bystander effect with high-LET irradiation when equal doses are compared to low-LET.
It has also been suggested that bystander effects plateau at low doses and further increases in the radiation dose has no effect on bystander response (5). Gow et al. observed a decrease in surviving fraction of bystander HPV-G cells receiving medium from 0.5 Gy or 5 Gy irradiated cells, as well as recipients of medium from 10 Gy of radiation when plated densely. However, the surviving fractions returned to near control levels when sparsely plated recipient cells received medium from cells that had been exposed to 10 Gy (55). In our study, using a dose of 10 Gy, both medium transfer and GRID irradiation assays reduced bystander cell viability and, at least in the case of the GRID exposures, the bystander cells were densely plated which would agree with the previous study results. In another study, cells receiving medium from cells irradiated with fractionated doses (i.e., 2 Gy per fraction), rather surprisingly exhibited decreased survival fractions compared to cells that directly received the fractionated irradiation (i.e., bystander cells receiving medium from fractionated radiation exhibited more cell killing than cells that were directly exposed to fractionated doses of radiation) (56, 57) . In terms of radiation treatment, this suggests that although the direct effect of fractionated radiation doses is hoped to be normal tissue sparing, the occurrence of bystander effects coming from the irradiated tumor or normal cells after each fraction of radiation may increase the overall tumor and normal tissue responses.
Recently, intensity modulated radiation therapy (IMRT), with doses ranging from 3 to 20 Gy, was used to study cellular response to radiation (58) . The authors observed three distinct types of bystander effects. Type 1 was a decrease in cell survival observed in unirradiated cells adjacent to cells irradiated with a moderate dose (3 Gy). Type 2 was an increase in survival in cells adjacent to cells receiving a lethal dose (20 Gy) of radiation. Type 3 was an increased survival of cells receiving a high dose of radiation, when they were adjacent to cells receiving a low dose, possibly due to the generation of unspecified mechanisms of survival response in the low-dose cells, which were conducive to colony formation. In our study, we observed decrease in survival of cells adjacent to cells exposed to 10 Gy irradiation. Other studies involving IMRT determined the effect of modulated fields of irradiation on cell survival. Radiation-resistant and radiation-sensitive cells were exposed to modulated and nonmodulated irradiation up to 8 Gy using a multi-leaf collimator. No significant difference was found in survival of cells exposed to modulated radiation or nonmodulated fields of irradiation, suggesting the occurrence of bystander effects in modulated fields (59) . In addition, survival of cells that were in the same flask but not exposed to radiation (out-offield) was found to be less than that expected solely due to radiation scattering (60) . Inhibition of intercellular communication using nitric oxide synthase inhibitor increased cell survival, suggesting the occurrence of bystander effects in the out-of-field cellular responses.
In our radiation therapy clinic, treatment of head and neck cancer usually involves GRID therapy followed by a conventional course of 2 Gy fractionated radiation therapy and chemotherapy. In addition to bystander killing by the GRID dose, the occurrence of sub-lethal bystander effects after GRID therapy might make these cells more susceptible to the subsequent chemotherapy and radiation treatment, further contributing to the overall tumor response. A detailed understanding of possible bystander effects involved in low or high dose or spatially fractionated radiation therapy, and the factors that mediate such effects may uncover molecular mechanisms involved and suggest new therapeutic targets to improve treatment outcomes, either by increasing tumor cell killing or enhancing normal cell protection. Studies designed in vivo will need to take into consideration possible contributions of tissue and tumor effects, including hypoxia, on bystander effects. Understanding the involvement of bystander effects within various dose gradients present in state-of-the art radiation techniques may enable us to optimize therapies and design potent combination treatment approaches.
